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Abstract Eryngium maritimum L. is a valuable medicinal
species, but since it is protected plant, collection from
natural populations is forbidden. Therefore, establishing an
efficient system for micropropagation of this species is
desirable. To determine the optimal nutritional factors
needed for shoot multiplication, root development and
secondary metabolites accumulation, different media and
plant growth regulators were tested. The highest plant
regeneration efficiency (over 96 %), with 4.4 shoots per
explant was induced on Murashige and Skoog (MS) med-
ium supplemented with 1.0 mg L-1 benzyladenine (BA)
and 0.1 mg L-1 indole-3-acetic acid (IAA). The in vitro-
regenerated shoots were rooted (83.3–100 %) and trans-
ferred to an experimental plot with 62 % efficiency. Flow
cytometric analysis revealed no variation in nuclear DNA
content in field- and in vitro-delivered plant material. Ultra
high performance liquid chromatography (UHPLC)
indicated that multiple shoots and roots from in vitro-
regenerated plantlets and adventitious root cultures main-
tained the production of rosmarinic (RA) and chlorogenic
(CGA) acids and triterpenoid saponins found in the rosette
leaves and roots of E. maritimum intact plants. UHPLC
revealed a 12-fold increase of RA and CGA and 3.2-fold
higher accumulation of triterpenoid saponins in roots of
in vitro-derived plantlets in comparison to roots from field-
grown plants. Adventitious root cultures allowed continu-
ous growth of excised root in liquid media with or without
exogenous auxins. The roots grown in liquid medium
supplemented with 0.1 mg L-1 IAA showed higher (227-
fold) phenolic acids accumulation than those without
auxin. Obtained results confirmed that micropropagation is
a useful strategy in the protection of endangered species
and a renewable source of a high quality plant material for
secondary metabolites production.
Keywords Flow cytometry  In vitro cultures  Plant
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Introduction
Eryngium L. (Sea Holly, Eryngo) comprises about 230–250
species and it is therefore the largest genus of the Sani-
culoideae subfamily from the Apiaceae family. This taxon
is widespread in Central Asia, America, Central and
Southeast Europe, North Africa, and Australia (Calvino
and others 2008; Wo¨rz and Diekmann 2010). Four of the
26 species described in Flora Europaea (Tutin and others
1968), including Eryngium maritimum L., grow in restric-
ted regions in Poland as rare or protected plants (Pie˛kos´-
Mirkowa and Mirek 2003). E. maritimum is a rare
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perennial under strict low protection in Poland and some
European countries. It grows on coastal dunes of the Baltic
Sea, Mediterranean basin, and Black Sea (Tutin and others
1968). This halophyte disappears at an alarming rate due to
intensified anthropopressure particularly tourism, indis-
criminate collection, transformation of the seashore and
storms, overplanting dunes with willows (Pie˛kos´-Mirkowa
and Mirek 2003). In this regard, E. maritimum got the
status of a vulnerable species in Western Pomerania
( _Zukowski and Jackowiak 1995).
The pharmacological activity of Eryngium species
depends mainly on their saponin content, but the presence
of phenolic acids, polyacetylenes, flavonoids, and betalains
is also important for their usage in traditional medicine
(reviewed in Kikowska and others 2012; Thiem and others
2013). E. maritimum has long been used in traditional
medicine and as a culinary herb in Europe. Furthermore,
this species currently has been applied for cosmetic pur-
poses. The leaf and root extracts present antioxidant,
antibacterial, and strong antifungal activities (Meot-Duros
and others 2008; Thiem and others 2010; Kholkhal and
others 2012). Infusion of aerial parts and roots is used in
folk remedies as antitussive, diuretic, appetizer, stimulant,
and aphrodisiac (Kholkhal and others 2012). Moreover, the
roots are used in the treatment of flatulence, urethritis,
scurvy, stone inhibitor, and removes liver and kidney
obstructions (Andrew 2001).
The main phenolic acids occurring in Eryngium genus
are caffeic acid derivatives, mostly rosmarinic and chlor-
ogenic acids. Rosmarinic acid (RA; an ester of caffeic acid
and 3,4-dihydroxyphenyllactic acid), has been reported to
have various biological activities: distinct antiseptic, anti-
viral, antibacterial, antiphlogistic, and anti-inflammatory
(Petersen and Simmonds 2003; Le Claire and others 2005;
Park and others 2008). Because of its antioxidant activity,
RA has been suggested to have a beneficial effect in human
health, for example, it has an inhibitory effect on acetyl-
cholinesterase and butyrylcholineesterase enzymes, the key
enzymes involved in several neurological disorders, such
as Parkinson and Alzheimer’s disease (Orhan and others
2008). Chlorogenic acid (CGA; an ester of CA and quinic
acid) has been studied because of its biological activities,
such as antioxidant, antiviral, antibacterial, blood glucose
level lowering, anti-inflammatory, and anti-allergy prop-
erties (Gugliucci and Markowicz-Bastos 2009).
Triterpenoid saponins are a large class of natural com-
pounds, which exhibit a wide variety of both structural
diversity and biological activity. They are characterized by a
triterpene aglycone and one or more sugar chains. They have a
broad range of pharmacological applications, such as hypo-
cholesterolemic, immunoadjuvant, antiviral, antibacterial,
antifungal, anti-leishmanial, and anti-inflammatory. Saponins
also exhibit anti-HIV-1 protease activity and cytotoxicity
against cancer cell lines (Sparg and others 2008; Lambert and
others 2011). Recent reports suggest that saponins from Panax
ginseng may rescue or protect neurons from insult, and may be
a promising candidate to improve the cognitive deficit of
Alzheimer’s disease (Zhao and others 2009). The genus
Eryngium is known to contain triterpenoid saponins as the
main components. Most Eryngium saponins are polyhydr-
oxylated oleanene triterpenoid saponins (Wang and others
2012). E. maritimum roots of intact plants contain complex of
triterpenoid saponins, which were isolated, structures were
evaluated and established as: 3-O-b-D-glucopyranosyl-
(1 ? 2)-b-D-glucuronopyranosyl-22-O-angeloyl-R1-barrige-
nol (M2A), 3-O-b-D-glucopyranosyl-(1 ? 2)-b-D-glucuron-
opyranosyl-21-O-acetyl-22-O-angeloyl-R1-barrigenol (M1),
3-O-b-D-glucopyranosyl-(1 ? 2)-b-D-glucuronopyrano-
syl-22-O-angeloyl-A1-barrigenol (M2B) (Kowalczyk and
others 2014).
In view of the increasing interest for E. maritimum and
the difficulty of propagation: seed dormancy, high mor-
tality of seedlings in early development stages and prohi-
bition of plant material collection from natural populations,
there is a need to develop a new approach for the propa-
gation of this species (Atwater 1980). Differentiated organ
culture, especially adventitious root culture, has been
applied in many medicinal plants due to its rapid growth
and stable production of secondary metabolites (Murthy
and others 2008).
The aim of this study was to develop a rapid and
reproducible protocol for setting up E. maritimum micro-
propagation, which guarantees the stability of the genome
size of regenerated plantlets and the preservation of their
ability to produce selected phenolic acids and triterpenoid
saponins. To the best of our knowledge, the in vitro culture
of this taxon and the capacity of regenerated plantlets to




Plant material of Eryngium maritimum L. (meristem frag-
ments of 2–3-month-old plants grown in the field, rosette
leaves and roots of flowering plants) were collected from
the Botanical Garden of Adam Mickiewicz University,
Poznan, Poland, in September 2009. The comparative
voucher specimens are deposited in the Herbarium of
Medicinal Plant Garden in the Institute of Natural Fibers
and Medicinal Plants in Poznan (Poland). Permission for
the collection of the organs from E. maritimum and keeping
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in vitro-regenerated plants at the Department of Pharma-
ceutical Botany and Plant Biotechnology, K. Marcinkowski
University of Medical Sciences in Poznan, to use them for
scientific research, was given by the Regional Director for
Environmental Protection in Poznan.
For the aseptic culture initiation, the apical and axillary
buds isolated from the 2–3-month-old plants, were used as
explants. The isolated primary explants were washed under
running tap water for 30 min, then rinsed in distilled water
for 5 min and dipped in 70 % (v/v) ethanol for 30 s fol-
lowed by rising in 30 % (v/v) commercial bleach (5 %
solution sodium hypochloride), containing two drops of
tween 80, for 8 min. They were finally rinsed three times in
sterilized double-distilled water and placed on MS (Mu-
rashige and Skoog 1962) medium for axenic shoot culture
establishment. In the next set of experiment, roots of
in vitro-derived, multiple plantlets were used for adventi-
tious root culture induction.
Culture Media and Incubation Conditions
All types of culture media consisted of MS medium
without a gelling agent (root culture) or solidified with
0.8 % (w/v) agar (Sigma-Aldrich, St. Louis, MO, USA;
shoot proliferation and rooting), supplemented with 1.5, 3,
or 5 % (w/v) sucrose and plant growth regulators at various
concentrations (Tables 1, 2). All plant growth regulators
originated from Sigma-Aldrich (St. Louis, MO, USA).
After adjusting pH to 5.8, media were autoclaved at 121 C
for 20 min at 105 kPa. Cultures were incubated in a growth
chamber under a 16/8 h photoperiod at 55 lmol m-2 s-1
light provided by cool-white fluorescent lamps and a
temperature 21 ± 2 C. Only root cultures were main-
tained in darkness.
Establishment of Shoot Cultures
Explants of in vitro-regenerated plantlets were used for prolif-
eration of shoot cultures. They were placed in 250 cm3 Erlen-
meyer flasks with 50 cm3 tested media. To determine the
optimal nutritional factors needed for shoot multiplication, three
media with different strength were used: (i)MS ?  vit.—
half-strength MS medium (reduced concentrations of macro-
and micronutrients) with reduced concentrations of vitamins
(50.0 mg L-1 inositol, 0.25 mg L-1 niacin, 0.25 mg L-1 pyr-
idoxineHCl, and 0.05 mg L-1 thiamine) and 3 % sucrose; (ii)
MS with standard concentrations of vitamins (100.0 mg L-1
inositol, 0.5 mg L-1 niacin, 0.5 mg L-1 pyridoxineHCl, and
0.1 mg L-1 thiamine) and 3 % sucrose; (iii) MS—full-strength
medium with standard concentrations of vitamins and 3 %
sucrose. The media were supplemented with 6-benzyladenine
(BA, 1.0–2.0 mg L-1) and indole-3-acetic acid (IAA,
0.1–1.0 mg L-1) (Table 1).
Shoots were multiplied by repetitive transfer of original
explants. Multishoots were divided into single microshoots
and transferred to fresh medium every 6 weeks of sub-
culture. Multiplication of shoots was replicated three times
with 10 explants per treatment. Percentage of shoot
induction, total number of shoots and leaves, and length of
shoots were recorded after 6 weeks of fifth, seventh, and
Table 1 Effect of MS medium composition and growth regulators on shoot multiplication from shoot tip explants of E. maritimum after 6 weeks
of in vitro culture
Medium Growth regulator (mg L-1) Shoot
induction (%)
Shoot number




per shoot (± SD)
BA IAA
1/2 MS with 1/2 vit. 0.0 0.0 53.6 2.4 ± 0.33f 4.0 ± 0.17b 3.1 ± 0.32g
1.0 0.0 56.6 2.0 ± 0.41g 3.0 ± 0.41g 3.6 ± 0.31f
1.0 1.0 72.4 2.9 ± 0.15d 2.3 ± 0.28h 3.5 ± 0.48f
1.0 0.1 56.9 2.5 ± 0.25f 3.2 ± 0.13f 5.7 ± 0.34a
1/2 MS 0.0 0.0 45.6 1.6 ± 0.25h 3.5 ± 0.11e 4.0 ± 0.30de
1.0 0.0 63.3 3.4 ± 0.25c 3.1 ± 0.16fg 4.2 ± 0.32d
1.0 1.0 56.6 2.8 ± 0.20de 3.2 ± 0.17f 4.2 ± 0.34d
1.0 0.1 54.9 2.6 ± 0.25ef 3.0 ± 0.18g 5.8 ± 0.39a
MS 0.0 0.0 70.1 1.5 ± 0.25h 3.8 ± 0.14c 4.6 ± 0.32c
1.0 0.0 71.5 2.6 ± 0.25ef 3.6 ± 0.17de 5.9 ± 0.40a
1.0 1.0 93.9 4.1 ± 0.15b 3.1 ± 0.17fg 3.9 ± 0.39e
1.0 0.1 96.3 4.4 ± 0.24a 3.7 ± 0.14cd 5.2 ± 0.27b
1.5 0.1 90.0 2.6 ± 0.25ef 3.7 ± 0.18cd 5.3 ± 0.32b
2.0 0.1 77.0 1.2 ± 0.20i 4.2 ± 0.16a 4.5 ± 0.38c
Multiplication of shoots was replicated three times with 10 explants per treatment. Mean values within a column followed by the same letter are
not significantly different at P = 0.05 (Duncan’s test)
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eighth subculture. The percentage of shoot induction was
calculated as the total number of initial explants, which
gave response to hormonal treatment per total number of
explants multiplied by 100 %. Half of the cultured shoots
were multiplied and maintained for 12 months for further
phytochemical analyses. The other half of shoots were
rooted and transferred into ex vitro conditions.
Rooting of Shoots and Plant Transfer into Experimental
Plot
The excised shoots were separated and transferred into
half or full-strength MS medium alone or with one of the
three auxins: IAA, indole-3-butyric acid (IBA), or a-
naphtaleneacetic acid (NAA) (0.1 or 1.0 mg L-1) and
different sucrose concentrations (1.5, 3.0, and 5.0 %)
(Table 2). They were cultured in 250 cm3 Erlenmeyer
flasks with 50 cm3 of culture medium. The experiment
was replicated two times with 10 explants per treatment.
Percentage of rooting, number and length of roots were
recorded after 6 weeks of culture. The percentage of root
induction was calculated as the total number of initial
explants (shoots), which gave response to hormonal
treatment per total number of explants multiplied by
100 %. Healthy plantlets with well-developed roots were
subsequently placed in plastic pots containing a mixture
of sterile soil, sand, and perlite (1:1:1 v/v/v) and covered
with glass beakers for 10–14 days, then transferred to the
experimental plot. After hardening and acclimatization of
plants, the survival frequency was recorded. Some roots
excised from in vitro-derived plantlets, before potting,
were collected for root culture establishment and further
phytochemical analyses.
Root Cultures
For adventitious root culture initiation, root fragments with
tips (2.0 cm long) obtained from 3-week-old axenic plant-
lets were used. The explants were transferred into full MS
liquid media with auxins: IAA, IBA, or NAA
(0.1–1.0 mg L-1). The cultures were maintained in 300 cm3
flasks with 50 cm3 of culture medium on a rotary shaker at
100 rpm, in darkness. Root cultures were inoculated into the
same liquid media and the same culture conditions as the one
employed for routine subculturing. The root cultures were
subcultured at 5-week intervals. To compare the effect of
different types of auxin on root development, the morpho-
logical characteristics were defined. The substantial biomass
from stable root culture (passages 7–9) was collected for
further phytochemical quantitative analyses.
Table 2 Effect of auxins on rooting of E. maritimum shoots after 6 weeks of in vitro culture
Medium (auxin content in mg L-1) Root induction (%) Root number per explant (± SD) Root length (cm) (± SD)
1/2 MS ? 1.5 % S 100.0 8.0 ± 1.2def 5.1 ± 0.8d
1/2 MS ? 1.5 % S ? IAA 0.1 100.0 22.2 ± 3.9a 4.6 ± 0.8e
1/2 MS ? 1.5 % S ? IBA 0.1 100.0 12.7 ± 2.5c 3.4 ± 0.8gh
1/2 MS ? 1.5 % S ? NAA 0.1 100.0 18.4 ± 3.6b 2.0 ± 0.7j
1/2 MS ? 3.0 % S 83.3 6.8 ± 1.0ef 6.0 ± 0.7bc
1/2 MS ? 3.0 % S ? IAA 0.1 91.0 7.8 ± 0.5def 4.5 ± 0.4e
1/2 MS ? 3.0 % S ? IBA 0.1 91.0 7.6 ± 0.5ef 3.9 ± 0.5f
1/2 MS ? 3.0 % S ? NAA 0.1 100.0 8.3 ± 0.5def 3.2 ± 0.4h
MS ? 1.5 % S 83.3 5.5 ± 0.5f 5.8 ± 0.3c
MS ? 1.5 % S ? IAA 0.1 83.3 5.8 ± 1.2f 3.2 ± 0.4h
MS ? 1.5 % S ? IBA 0.1 100.0 9.9 ± 1.2cde 5.8 ± 0.4c
MS ? 1.5 % S ? NAA 0.1 83.3 6.0 ± 1.1f 3.8 ± 0.8fg
MS ? 3.0 % S 83.3 5.2 ± 2.0f 7.1 ± 0.6a
MS ? 3.0 % S ? IAA 0.1 100.0 12.3 ± 2.1c 3.7 ± 0.8fg
MS ? 3.0 % S ? IBA 0.1 100.0 11.0 ± 2.0cd 6.1 ± 0.5bc
MS ? 3.0 % S ? NAA 0.1 100.0 6.0 ± 1.1f 4.9 ± 0.7de
MS ? 5.0 % S 83.3 5.8 ± 1.0f 7.2 ± 0.4a
MS ? 5.0 % S ? IAA 1.0 100.0 6.5 ± 1.1f 6.5 ± 0.5b
MS ? 5.0 % S ? IBA 1.0 100.0 5.6 ± 1.0f 6.5 ± 0.5b
MS ? 5.0 % S ? NAA 1.0 100.0 2.0 ± 0.5g 2.5 ± 0.5i
The experiment was replicated two times with 10 explants per treatment. Mean values within a column followed by the same letter are not
significantly different at P = 0.05 (Duncan’s test)
S sucrose
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Flow Cytometry
For nuclear DNA content estimation, leaves of young intact
plants and 1-year-old shoot in vitro cultures were used.
Samples were prepared as previously described (Sliwinska
and Thiem 2007), using Galbraith’s buffer (Galbraith and
others 1983), supplemented with 1 % (v/v) PVP-10, pro-
pidium iodide (PI, 50 lg cm-3) and ribonuclease A
(50 lg cm-3). Solanum lycopersicum cv. ‘Stupicke’
(1.96 pg/2C; Dolezel and others 1992) was used as an
internal standard. For each sample, 5,000–8,000 nuclei
were analyzed directly after preparation using a CyFlow
SL (Partec GmbH, Mu¨nster, Germany) flow cytometer
equipped with a high-grade solid-state laser with green
light emission at 532 nm, long-pass filter RG 590 E, DM
560 A, as well as with side (SSC) and forward (FSC)
scatters. Histograms were analyzed using FloMax (Partec
GmbH, Mu¨nster, Germany) software. Analyses were rep-
licated 10 times for each plant material. Coefficient of
variation (CV) of G0/G1 peak of E. maritimum ranged
between 3.03 and 5.38 %. Nuclear DNA content was cal-
culated using the linear relationship between the ratio of
the 2C peak positions Eryngium/Solanum, on a histogram
of fluorescence intensities.
Establishment of Selected Phenolic Acid
and Triterpenoid Saponin Content
Plant material from in vitro cultures: shoots and roots of
in vitro-derived plantlets, roots from liquid culture as well
as rosette leaves and roots of intact plants were used for
chromatographic analysis. The procedure for determination
of RA was adapted from the work of Krzyzanowska and
others (2011) and extended to accommodate quantification
of CGA and M1, M2A, M2B. Samples of plant material
(approx. 100 mg) were mixed with diatomaceous earth,
loaded into stainless steel extraction cells and extracted
with 80 % (v/v) methanol using an accelerated solvent
extraction system (ASE 200, Dionex, Sunnyvale, CA).
Extractions were carried out at 10 MPa operating pressure
in 40 C. Extracts were evaporated to dryness under
reduced pressure and reconstituted in 2.0 mL of methanol
containing 0.05 % (w/v) ascorbic acid. Samples were then
stored in -20 C and immediately before the analyses
were diluted 20 times with doubly distilled water and
centrifuged at 23,0009g for 15 min. Quantitative analyses
were performed on a Waters Aquity UPLC system (Waters,
Milford, MA) equipped with a triple quadrupole mass
spectrometer (Waters TQD). Analyses were separated on a
Waters BEH C18 column (100 9 1 mm, 1.7 lm) using a
linear, 6 min long gradient from 5 to 80 % of acetonitrile
containing 0.1 % (v/v) formic acid (solvent B) in 0.1 %
formic acid (solvent A) with flow of 140 lL min-1.
Separations were carried out in 50 C. The column was
washed with pure solvent B for 2 min and re-equilibrated
with 5 % solvent B in solvent A for 7 min prior to each
injection. Injections were done in the ‘‘partial loop needle
overfill’’ mode of a Waters Aquity autosampler. One ll
was injected from each sample and analysis of each sample
was repeated three times. Column’s effluent was intro-
duced into the ion source of the mass spectrometer, which
operated in the negative ion mode with the following
parameters of the ion source: cone voltage 130 V, capillary
voltage 3.1 kV, extractor 3 V, RF lens 100 mV, source
temperature 120 C, desolvation temperature 350 C,
desolvation gas flow 500 L h-1, cone gas flow 50 L h-1,
and collision gas flow 100 lL min-1. Collision cell
entrance was set to -2 and exit to 0.5. Parameters of
quadrupoles 1 and 3 were set to achieve unit-mass reso-
lution: both LM and HM resolutions were set to 15, and ion
energies were set to 0.9. The quantitation method was
calibrated from the set of standard solution dilutions in the
range of 100 pg to 16 ng lL-1. RA and CGA were ana-
lyzed using the selected reaction monitoring (SRM) mode
of the mass spectrometer. Precursor ions at m/z 353 (CGA)
and 359 (RA) were selected and fragmented at 15 eV.
Formation of product ions at, respectively, m/z 191 and m/z
161 was monitored. TS were analyzed in the single ion
monitoring mode, in which deprotonated quasi-molecular
ions at m/z 925 (M1), 967 (M2A), and 909 (M2B) were
observed. Obtained data were processed using Waters
MassLynx version 4.1 SCN 714 software.
Statistical Analysis
The collected data were subjected to a one-way analysis of
variance (ANOVA) followed by Duncan’s post-hoc test. A
two-sided P value of 0.05 was used to declare statistical
significance. All analyses were conducted using STATIS-
TICA v. 10 (StatSoft Inc. 2011).
Results and Discussion
The Effect of Culture Medium and Plant Growth
Regulators on Shoot Proliferation
High quality propagation material of the selected E.
maritimum line, rich in secondary metabolites, could be
produced only by asexual methods, and therefore in vitro
mass propagation is considered to be a good method for the
production of true-to-type plantlets. Species belonging to
the Eryngium genus display endogenous, morphological
seed dormancy; the seeds become dormant soon after
harvest (Atwater 1980). Moreover, coastal halophytes are
exposed to frequent fluctuations of salinity levels, which
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negatively influence seed germination and seedling estab-
lishment. The application of gibberellic acid
(0.1–2.0 mg L-1 GA3) and/or scarification, used for other
halophytes to break dormancy, were not efficient for E.
maritimum seeds (Kikowska, unpublished). Problems with
propagation by seeds were also observed for other halo-
phytes, which are particularly salt sensitive, during seed
germination and seedling emergence of Crithmum mariti-
mum (Meot-Duros and Magne 2008) and Cakile maritima
(Debez and others 2004). Chemical treatments such as
potassium nitrate and thiourea had no effect on C. mariti-
mum seed germination (Meot-Duros and Magne 2008). In
this study, seed germination of E. maritimum did not
improve even at optimized in vitro conditions; 95 % of
seeds did not germinate, and a few seedlings that emerged
had changed morphology, after a short time turned
brownish and did not continue development into a healthy
plant. For these reasons, the aseptic cultures of E. mariti-
mum from the apical and axillary buds isolated from the
2–3-month-old field-grown plants were cultured in vitro
(Fig. 1a). Previously, there have been a few studies on the
in vitro cultures of Eryngium species, which have been
successfully micropropagated: E. foetidum via somatic
embryogenesis and organogenesis (Arockiasamy and Ig-
nacimuthu 1998; Arockiasamy and others 2002; Chandrika
and others 2011), and E. planum by axillary bud prolifer-
ation (Thiem and others 2013).
For E. maritimum a full-strength MS medium appeared to
be better than a half-strength one (Table 1). Thus, our
expectation that this species would grow better on the
reduced in salts and vitamins media due to poor soil condi-
tions in which it grows naturally, was not confirmed. The full
concentration of media compounds promoted higher mi-
cropropagation parameters, including shoot multiplication.
Fig. 1 In vitro propagation of
E. maritimum: a juvenile plant
from botanical garden;
b in vitro-multiply shoots;
c in vitro-rooted plantlet;
d adventitious root culture;
e hardened plantlets in plastic
pots; and f acclimatized plants
in experimental plot. Scale bar
30 mm
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The highest efficiency of shoot induction (over 96 %) was
observed on MS media supplemented with 1.0 mg L-1 BA
and 0.1 mg L-1 IAA. This medium composition resulted in
the highest number of new shoots (4.4 per explant) of 3.7 cm
in length and relatively high leaf number (over 5). Similarly,
the advantageous effect on shoot proliferation of addition of
cytokinin and auxin to a medium (at the same concentra-
tions) has been reported for E. planum (Thiem and others
2013). However, the number of shoots per explant for the
latter species was much higher (17) than in the present
experiment. It was due to the different developmental man-
ner of those two Eryngium species. E. planum, which
exhibits a natural rosette habit of growth, under in vitro
culture conditions produced shoot clusters. Each shoot tip
induced several (9–12) new buds and then proliferated into
clusters of shoots with short-petiole leaves (Thiem and oth-
ers 2013). In contrast, E. maritimum produced single rosettes
with long-petiole leaves (Fig. 1b). The addition of BA and
IAA together was more beneficial for E. maritimum micro-
propagation than of BA alone. The presence of BA and IAA
in the medium has been also shown to induce organogenesis
in E. foetidum (Arockiasamy and others 2002). Other species
of the family Apiaceae such as Thapsia garganica (Makunga
and others 2003), Crithmum maritimum (Grigoriadou and
Maloupa 2008), Arracacia xanthorrhiza (Sliva and others
2010), and Anethum graveolens (Jana and Shekhawat 2012)
responded better to lower concentrations of BA, especially
when combined with NAA. For Thymus lotocephalus, the
highest numbers of shoots were obtained on MS supple-
mented with BA and IAA, but the percentage of hyperhydric
shoots was higher than on medium without auxin (Coelo and
others 2012). Many aspects of cell growth, differentiation,
and organogenesis in organ cultures have been found to be
controlled by an interaction between cytokinins and auxins.
The requisite concentration of each phytohormone varies
depending on the species being cultured. Although both
cytokinin and auxin are usually required for growth and
morphogenesis.
In contrast to previous reports, in the present experiment
BA alone or in combination with IAA did not favor call-
using. Fortunately, even after 8–10 subcultures of E.
maritimum mass propagation, there was no callus forma-
tion and direct organogenesis occurred, which was proba-
bly one of the factors limiting somaclonal variation.
The Effect of Culture Medium, Sucrose Content,
and Plant Growth Regulators on Rooting of Shoots
Some shoots of E. maritimum during subcultures sponta-
neously formed roots in the medium for multiplication. The
in vitro-regenerated healthy microshoots (2.5–3.0 cm long)
formed vigorous roots with a high frequency (83.3–100 %;
Fig. 1c). On all tested rooting media, microshoots revealed
direct root induction. Auxins are known to promote
adventitious root formation and development, however,
here the exogenous auxin addition was not essential to
induce roots (Table 2). Most probably it was due to the
presence of auxin in the medium used at the previous step,
for multiplication of shoots. Nevertheless, the root devel-
opment was improved by addition of plant growth regu-
lators. The level of endogenous auxins depends on the rate
of their metabolism, transport, and conjugation. Exogenous
auxins may affect the production of endogenous auxins
(Bandurski and others 1995). A similar phenomenon was
observed previously for E. planum (Thiem and others
2013). In contrast, in C. asiatica and A. xanthorrhiza, none
of the in vitro-derived shoots rooted on auxin-free MS
media (Tiwari and others 2000; Sliva and others 2010). The
highest root number per explant was achieved in the
present experiment on half-strength MS media in the pre-
sence of IAA and 1.5 % sucrose and they were relatively
long (about 5 cm). A further increase of sucrose content
decreased root numbers. Also, increased content of MS
salts (full-strength MS medium) was not conductive for
root induction. The addition of NAA was especially unfa-
vorable for root length.
Establishment of Adventitious Root Cultures
In approximately, 66 % of the medicinal plants used in
traditional medicine roots are the main source for drug
preparation. The development of a fast growing root cul-
ture system offers unique opportunities for producing root
drugs in the laboratory without having to depend on field
cultivation (Murthy and others 2008). As found in this
study, E. maritimum roots are rich in secondary metabolites
and therefore adventitious root cultures under in vitro
conditions were established.
Morphologically, the different cultures of roots pre-
sented auxin-specific growth behavior. The roots incubated
in MS liquid medium containing IAA displayed linear
growth by the tip of the main axial root. They were thin and
long compared to the roots growing in medium supple-
mented with IBA, which formed many laterals. The lateral
roots were responsible for rapid growth and formation of
an increased biomass. After 8 weeks, the lateral roots were
elongated and formed a mat of roots. During this period,
several parts of these secondary lateral roots were con-
verted into a brown and woody form (Fig. 1d). Although
roots were growing in medium with NAA, they were cal-
lus-like and fragile. Similarly, a high concentration of
NAA induced callus-like roots in Karwinskia humboldti-
ana (Kollarova and others 2004).
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Plant Transfer into Soil
The crucial step of micropropagation is acclimatization of
the in vitro obtained plantlets. In vitro-regenerated plants
of E. maritimum with no morphological abnormalities were
transplanted into pots with a survival rate of 90 %
(Fig. 1e). The micropropagated plantlets with well-devel-
oped roots were successfully acclimatized to ex vitro
conditions; approximately 62 % of plantlets survived the
transition from tissue culture to the experimental plot. The
micropropagated plants were morphologically uniform and
grew well in the field (Fig. 1f). In comparison, the survival
rate of E. planum plantlets was 89 %, and that of A.
graveolens and A. xanthorrhiza about 60 % (Thiem and
others 2013; Sliva and others 2010; Jana and Shekhawat
2012).
Nuclear DNA Content
True-to-typeness of the plants produced in tissue cultures is
especially important in large-scale production of medicinal
plants. However, somaclonal variation often occurs during
in vitro culture of plant material, which is manifested as
cytological abnormalities, qualitative and quantitative
mutation, sequence changes and gene activation and
silencing (Kaeppler and others 2000). Therefore, to make
the production of bioactive compounds effective and reli-
able, the control of genome size is recommended. Flow
cytometry was used before as a fast and accurate method to
establish nuclear DNA content of medicinal plants
obtained in vitro (Thiem and Sliwinska 2003; Sliwinska
and Thiem 2007; Makowczynska and others 2008; Thiem
and others 2013). In this study, experiment flow cytomet-
rically established genome size of E. maritimum was about
2.5 pg/2C, regardless of the origin of plant material
(Table 3, Fig. 2). Plantlets obtained through shoot multi-
plication using shoot tip explants of axillary buds did not
show any instability in the nuclear DNA content and their
genome size was similar to this of intact plants, which
confirmed the suitability of the developed micropropaga-
tion procedure for production of genetically stable plant
material. The genome size of the other four Eryngium
species, E. coeruleum, E. variifolium, E. giganteum, and E.
planum has been established previously (Le Coq and others
1978; Thiem and others 2013). However, this is the first
report on the genome size of E. maritimum.
Phenolic Acid and Triterpenoid Saponin Accumulation
in Biomass Derived from In Vitro Cultures
E. maritimum intact plants produce bioactive compounds in
low quantities. For this reason, an alternative means of
phenolic acid and triterpenoid saponin production was
undertaken. Qualitative and quantitative UHPLC analyses
of methanolic extracts confirmed the presence of RA, CGA,
Table 3 Nuclear DNA content in leaves of E. maritimum intact
plants and shoot culture
Plant material DNA content
(pg/2C ± SD)
Leaf from intact plant 2.489 ± 0.046ns
Leaf of shoot culture in vitro (MS) 2.490 ± 0.021
Leaf of shoot culture in vitro (1/2 MS) 2.467 ± 0.017
Analyses were replicated 10 times for each plant material
ns No significant differences at P = 0.05 (Duncan’s test)
Fig. 2 Selected histograms of nuclear DNA content obtained after flow cytometric analysis of the PI-stained nuclei isolated simultaneously from
the leaves of Solanum lycopersicum (internal standard) and Eryngium maritimum: (left) seedlings; (right) regenerated plantlets
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and M2B in all examined materials from intact plants and
in vitro cultures (Tables 4, 5). Two saponins from the
complex (M1 and M2A) were not detected in intact plant
rosette leaves and in vitro-derived shoots. In contrast to E.
planum (Thiem and others 2013) where the aerial parts of
intact plants and regenerated in vitro cultures had a higher
phenolic acid content than the underground parts, E. mari-
timum roots produced significantly higher amounts of those
compounds than rosette leaves, both from intact plants and
in vitro cultures. RA and CGA content was almost 12-fold
higher in the roots of in vitro-regenerated plantlets than in
the roots of field-grown plants. In vitro culturing also
resulted in increased accumulation of triterpenoid saponins,
4.4-fold in shoots and 3.2-fold in roots.
Under in vitro conditions, multiply shoots of E. mariti-
mum accumulated selected phenolic acids in amounts of
over 3 mg g-1 (Table 4). It was higher than in shoot cul-
tures of Ruta graveolens, where the production of bioactive
phenolic acids reached only about 1 mg g-1 (Szopa and
others 2012). In shoot cultures of Aronia melanocarpa, the
total amount of phenolic acids was affected by medium
type, the increase of bioactive compounds varied widely
during the growth cycle (from 8.2 to 15.3-fold), but the
maximum value was also lower than here, 1.5 mg g-1
(Szopa and others 2013).
The auxins added to the adventitious root culture media,
either in lower or higher concentrations, not only regulated
in vitro morphogenesis processes but also increased phe-
nolic acid and triterpenoid saponin accumulation (Table 5).
It was probably due to the modification of the secondary
metabolite biosynthesis pathway by those plant hormones.
Roots of E. maritimum growing in auxin-supplemented
media accumulated from 84 to 227-fold more phenolic
acids and from 8 to 16-fold more triterpenoid saponins than
those grown in hormone-free medium. The excised root
cultures in liquid media have been successfully employed
before for the production of varied secondary metabolites,
and the overall phenolic acid and triterpenoid saponin
content in the in vitro cultures was equivalent or higher
than those found in intact plants. For example, the root
biomass of different lines of six Gypsophila species
(Gevrenova and others 2010), Phytolacca acinosa (Strauss
Table 4 Content (mg g-1 DW ± SD) of two phenolic acids: rosmarinic acid (RA), chlorogenic acid (CGA), and triterpenoid saponins (M1,
M2A, and M2B) in methanolic extracts
Plant material Phenolic acids Triterpenoid saponins
RA CGA RA ? CGA M1 M2A M2B M1 ? M2A ? M2B
Intact plants
Rosette leaves 0.188 ± 0.01d 0.264 ± 0.02c 0.452d ND ND 0.049 ± 0.01b 0.049c
Roots 0.495 ± 0.01c 0.227 ± 0.01c 0.722c 0.024 ± 0.00b 0.444 ± 0.05ns 0.199 ± 0.02b 0.667b
Plantlets from in vitro cultures
Rosette leaves 0.932 ± 0.02b 2.117 ± 0.04b 3.049b ND ND 0.216 ± 0.02b 0.216bc
Roots 4.309 ± 0.09a 4.359 ± 0.04a 8.668a 0.132. ± 0.03a 0.585 ± 0.1 1.407 ± 0.15a 2.124a
Analysis of each sample was replicated three times. Mean values within a column followed by the same letter are not significantly different at
P = 0.05 (Duncan’s test)
ns No significant differences
Table 5 Content (mg g-1 DW ± SD) of two phenolic acids: rosmarinic acid (RA) and chlorogenic acid (CGA), and triterpenoid saponins (M1,
M2A, and M2B) in methanolic extracts of adventitious root cultures of E. maritimum grown in media supplemented with different auxins
Addition of auxins
(mg L-1) to MS
medium
Phenolic acids Triterpenoid saponins
RA CGA RA ? CGA M1 M2A M2B M1 ? M2A ? M2B
0 0.002 ± 0.00g 0.004 ± 0.00f 0.006g 0.004 ± 0.00c 0.007 ± 0.00d 0.012 ± 0.00c 0.023c
IAA 0.1 0.743 ± 0.00a 0.620 ± 0.01a 1.362a 0.018 ± 0.00b 0.087 ± 0.03bc 0.245 ± 0.10b 0.350b
IBA 0.1 0.725 ± 0.01b 0.576 ± 0.01b 1.301b 0.016 ± 0.00b 0.064 ± 0.02c 0.194 ± 0.07b 0.274b
NAA 0.1 0.676 ± 0.00c 0.551 ± 0.01c 1.227c 0.020 ± 0.00b 0.100 ± 0.01ab 0.171 ± 0.02b 0.291b
IAA 1.0 0.439 ± 0.01e 0.191 ± 0.01e 0.630e 0.042 ± 0.01a 0.124 ± 0.03a 0.359 ± 0.09a 0.525a
IBA 1.0 0.073 ± 0.01f 0.431 ± 0.01d 0.504f 0.016 ± 0.00b 0.107 ± 0.02ab 0.147 ± 0.04b 0.270b
NAA 1.0 0.530 ± 0.01d 0.423 ± 0.01d 0.953d 0.044 ± 0.00a 0.101 ± 0.02ab 0.254 ± 0.09b 0.399ab
Analysis of each sample was replicated three times. Mean values within a column followed by the same letter are not significantly different at
P = 0.05 (Duncan’s test)
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and others 1995), Primula veris (Okrslar and others 2007)
obtained in auxin-free media produced triterpenoid sapo-
nins in amounts comparable or insignificantly higher to that
in organs of intact plants. Here, E. maritimum in vitro root
cultures produced lower amounts of triterpenoid saponins
than roots from intact plants. However, due to the fact that
the root collection from natural sources is forbidden
because of the protected status of the plant, further studies
on increasing triterpenoid saponin accumulation in the root
cultures aiming at optimization of media composition and
elicitation are required. It is especially important because
the production of saponins in plants is still facing many
problems, such as low yields and limited availability of
natural resources. Therefore, much effort is being put in
finding a way to enhance the production of the saponins
(Lambert and others 2011).
Due to overexploitation of natural populations of E.
maritimum and the difficulty of cultivation of this species,
it is listed as endangered in Poland and some European
countries. Therefore, the efficient plant in vitro propagation
system developed in this study will be useful for conser-
vation of this endangered species. In conclusion, the pro-
tocol for E. maritimum micropropagation allows the
effective production of plant material with stable genome
size and the ability to synthesize phenolic acids (RA and
CGA) and triterpenoid saponins at higher contents than in
intact plants. Also, in in vitro adventitious root cultures,
especially after the addition of IAA to the medium, those
bioactive compounds are produced at increased levels
compared to field-derived plants, although not as high as in
the roots of plantlets obtained from shoot tip explants.
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